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1. Introduction:
.

1) 2)
~fl.stor~callyo the work of Obu & Terasawa and Measday

provided evidence that the (nop) reaction showed some
selectivity for populat?.onof collective states. However,
until the recent experiments at UC Davis, no systematic
studies with resolution K 1 Me V were undertaken. A
comparison of the (nBp) ?eaction on T -O targets with
photo nuclear experiments, inelastic &ectron scattering
(particularly, at e m 180”), radiative pion capture and
hadronic probes has revealed cons
known collective ML and El states

~jerable sensitivity to
J These properties of

the (n,p) reaction are Identi-al to those of the (p,n)
reaction on the saae targeta since only AT-1 is allowed
for both. The extension of the (nop) reaction to To+ O
targets leads to the same isovector (AT-1) selaction rule.
This is not the case for the~p,n) reaction which can
populate AT-o,*1 states, favoring those with AT-1 md
AT-o. Thitipaper

~
resents resul s of he (n ) reaction

at 60 MeV on 7Li0 Be, 27A1, 58,i0,62,~4NI, SBzr and

209Bi targets.
The enphasia will be on discu~sing qualitative

features of the data through a comparison with existing
results from other nuclear probes as well as observed
properties of the isovector transitions anticipated from
known isospin selection rules.

The usefulness of the (n@p) reaction for studying
Isovector ●xcitations is readily made apparent by
●xamining the Isospin dependence in (PDP’)9 (n,n’),(p,n’),
●nd (nBp) scattering. The transition matrix for the
(n,p) re~ct~on con aip an intgra$t~on potential of the fom

+cJ u )where tl.ti can be expanded inveff~?llk~.ti (1 1“ i

teme of Ieospin raising and lowering operators between
the incident projectile ●nd ● target nucleon. This
interaction can lead to both iaospin and Isospin-spin
flip transitions. Additional isoepin independent terms
also contribute to the (pp’) and (nn’) transitions. The
ratio of isoapin dependent to independent interaction
strength for potentials comonly utilized in shell model
calculation is - 1/3 ●o that Isescaler transitions in
(pp’) and (nn’) reactiona dominate by - 9:1 therefore,
in regiono where atateo of different Isospin occur the
isowctor states may be difficult to obeerve.
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The isospin Clebsch-Gordon coefficients obtained 5y
projecting out the dependence associated with the entrance and
exit channels for a AT=l transition leads to u (n,p)= 2u(pp’ or nn’).

A more important geometric isospln effect for large T is
that due to the splitting of a particular multipolarity ?ransition
strength into isospin components for a T ~ 1/2 target nucleus.
Different allowed transitions are Indica?ed in fig.1 as well
as their relative strengths). This shows that only the (n,p)
reaction has no reduction in strength of the reduced matrix
element to the T ET +1 states. If ~>”~=~< the entire, unsplit>0

strength is available to the (n,p) reaction.
Additional factors involving available configurations for

T> vs T< transition matrix elements will modify the above ratios

since the interaction:;are in general isospin dependent.

2. .E~er5mental Results

The pre6ent data we-e obtained at the rocker Nuclear
Laboratory unpolarized neutron faciliq ~). Time of
flight restrictions on the fncident neutrons allows (n~p)
reaction data to be obtained with bombarding neutron energy
resolution of $ 1 MeV FWHM for energies ’60 MeV. Recoil
proton energy resolution is also ~ 1 MeV. All of the targets

‘50mg/cm2 in thickness andused in the present ~rk were -

isotonically pure to greater than 99%.

2.1 7Li(n,p)7!4eend %e(n,p)%i

The isovector Ml selectivity found for low momentum
transfer in TO-O targets should be modified due to the

7
To= 1/2 ground states in Li and ‘Be. In this case a

splitting of the AT=l Ml strength to the g.s. is allowed

between T>= 3/2 and T<=l/2 components Theoretical

calculations) ihdicate most of the Ml strength should be
concentrated in the T< states for both 7L.Iand ‘Be due to
less spatial symmetry in the T= 3/2 vs T= 1/2 wavefunctions.
This result is nicely confirmed by 180° (ee’) data~). More
recently, Baer?lpointed out the weak AT-1 Ml strength to the

T= 3/2 parent analogs in the 7Li(w~y)7Ffeand 9Be(m~Y)%i

data from SIN7). Further confirmation of this effect is

shown in Figures 2,3 for the (nop) reaction on 7Li and ‘Be.

The ground state of 7He (~ = ~-, T=;) is the parent analog

to the 11.25 MeV state in 7LI. In 9Li the (3/2- , 3/2) g.s.
and the 2.69 MeV (1/2-, 3/2) state form parent analogs to the
Ml states at 14.4 and 17.0 MeV in 9Be seen in the inelastic
electron scattering. The angular distributions for these three
etates are consistent with an L-2 transfer based on DWBA
calculations utilizing a macroscopic form factor.

Microscopic form factor DWBA calculations includ?ng exchange
terme will be required before a detailed comparison can be
made with meaeured Ml matrix elements. The strength of the

9Li g.s. transition is howaver, ‘.2mb/ar for fJQE#”
a
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which is at least an order of
cross sections for collective

0

magnitude less than observed
Ml strength in the (nBp)

reaction data for parent.analog Ml tranaltions for
A=6 and 120 Inelastic electron results also indicate a
ratio of roughly 10 to 1 for even A vs odd A T>M1 strengths.

Evidence can be seen in fig. 3 for two peaks above a
smooth phase space or pre-equilibrium energy distribution
centered at 7.5 and -18 MeV ex~itation energy. Similar
structure has been found in (m”,y)data on 1P shell nuclei
and interpreted aa configurational splitting of the T>giant
dipole resonance (GDR). This effect has been predicted by
Dogocaz et a18) as having its origina in the fact that lb
transitions have different values for core and valence nucleons.
The relevant major oscillator shell 1- transitions for A-9

‘n’’olve‘he lsl/2+1p3/2
spacing of *28 MeV and lp

3/2+1d5/2

spacing of*16 MeV. The difference of 12 MeV is consistent

with the observed splitting of the T>CDR region in the ‘Be

(n,p)9Li reaction. The corresponding GDR region in ‘Be at

22 and 32 MeV may well be obscured in 9Be(p,p’) since both
T< and T> components are populated. This is also the case

for photonuclear

27Al(n,p)27ME

The 27Al(n,p)
transitions from
results are well

reaction data.

reaction provides an example of Inovector
a (1/2-,1/2) g.s. in the s-d shel13). The
summarized in fig. 4 showing an er,ergy

spectrum at uL=15.5”. This is compared to an 27A1(PP’)

spectrum9) at 0L=150 as well as 27Al(y,xn) and 27Al(y,tot)

photonuclear spectral). The angular distribution for the
peak at 14.4 MeV is consistent with an L-l transfer and
exhausts a~out 20% of the energy weighted GDR sum rule.
A macroscopic form factor is used in a DWBA calculation
in a model proposed by Satchler 11) for a Goldhaber-Teller
GDR excitation.
Total exhaustion of the ~R sw rule is related to the
calculated cross section by

q) 2 da
dfl)np ‘DWBA(pp’)= 2 ‘GT d~

The unobse~ed strength is quite likely distributed outside
A4.4 MeV peak region aimiliar to the photonuclear results.
The 14.4 MeV peak in 27Mg is the parent analog for a 21.3
HeV ~xcitation in 27A1 which is very close to the obsetwed
peak in the photonuclear distribution. It is worth noting
that t}ie ❑omentum transfer dependence in a photonuclear

the



-4-

reaction is different than for the (n,p) reaction at a fixed
angle ao thatexact correspondence between the two should not
be expected.

Although some evidence for Ml strength (L-O angular
distribution) was found below 6 MeV in ~7Mg,its lack of
concentration in excitation energy makes it difficult to obtain
quantitative information. The prominent peak in the 27Al
(PP’) data iS predominately isoscaler quadruple strength
which obscures the GDR regioni This shows the advantage of
having a probe selective to only Isovector transitions in
helping to sort out collective excitations.

2.3 58,60,62,64
Ni(n,p)

58,60,62,64C0

This series of targets was selected as a means of
systematically investigating the N-Z dependence of both the
relative T> GDR strength as well as the T> va T< energy splitting in
the target. Ngo-T~ng and Rowe12) have carried out a
RPA calculation giving the dipole strength distribution for
both T> and T< components.

Comparison of (ycn) and (Y,p) have been the primary
source of information for the GDR distribution. The (y,p)
reaction is presuned to be selective to T> states due to an
isospin selection rule inhibiting neutron decay. Eowever,
neutron decay of T> states to the IAS of the daughter can
exceed the proton decay12). The(n,p) reaction should in
princinls be much more selective to T> components.

An energy spectrum from the 62Ni(n,p)62Co reactinn at
UL= 16° for 59.4 14eVneutrcns is shown in figure 5. The

continum background is assumed to arise from a 3-bodv
channel involving the particle from the decay of a 6~co
excited state and the usual ejectile proton. The continuum
therefore has the indicated threshold. A pre-equil,ikrium
model would tend to reduce the contribution above the
background by including available unresolved states in 62C0
up to the maximum allowed proton energy. The picture for
collective etates discussed below will not be altered by
this except in the abaolute overall strength. The result
of removing the background in a cenaistent manner f!rom
all the target data at 16° ia shown in figure 6. ~!heenergy
scale haa been adjusted to represent analog excitation in the
target nucleus by taking the coulomb energy shift and maas
differences into account. The calculated CO-NI excitation
ahifta are 8.8 MeV, 11.1 MeV, 13.4 MeVB and 15.1 MuV for
A=58,60,62 and 64 respectively. The vertical bara are the
results from Ngo-Trongand Rowe for T> GDR strength ~2).
Remarkably good agreement la found between the data and
calculation for the dipole strength diatributionai Angular
diatributiona for the GDR regione have L=l shapes m well.
The fraction of the GDR ●ner y weigh~ed sum rule exhausted

ffor a JS DWBA form factor 11 is also given in figure 6.
The location of the T vn T< El strength la predicted to
be AE= U (To+lY~o Mel?by Goulard and Fallinroa d) where the
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scale factor is related to the isospin symmetry potential.
The equation AE=76 (To+l)/A reproduces the approximate location
of the weighted average T< excitation energy when compared
with the T< GDR location 12).

Another otiviousfeature of the data-is the rapid decrease
in strength for the region below the 1 strength as A
increases from 58 to 64. An obvious candidate is Ml strength
since the predominant contributions are from If

7/2+f5/2 and

2p3/2‘2%/2 transitions whialiare essentially complet~ly

blocked for 64Ni and unblocked in 58Ni for the (n,p) reaction.
This is since the AT-1 transition removes a proton and fills
a neutron orbital. Recent (cc’) experiments by Lindgren
et al 13) have fcund T,
~,hichexhausts close to

58Ni ● Some Ml strength
This upward shifting of
MeV appears to continue

Ml strength in 58Ni at--10.5-MeV
50% of the Ml closure sum rule for

in 6oNi was also located at -12.1 MeV.
available T Ml strength by a few
up to ~4Ni ~asad on the present data.

It should be pointed out that (ee’) T> Ml strength is
reduced by the isospin geometric factor so that higher weak
components are difficult to observe.

The angular distributions for this “Ml” region do pesk in
cross section for low momentum transfer. However, they
do not fall off rapidly enough to be pure Ml. Since evidence

for, T> fl-stretched configuration strengths which will-not
be blocked, have been found overlapping the Ml region 1 ,
one might expect contributions to back angle cross sections.

2.4 90Zr(n,p) 9%

The A=90 system is a good testing ground for etudying
T> giant multiples due to the (p,Y) work of Haslnoff
et al. 14) locating T> El strenth nt 14.4, 16.3, 19.4
and 21.0 MeV in 90Zr and the inelastic electron scattering
experiments of Fukuda and Torizuka 15) providing evidence
for isovector E2 strength at 17 and 26 MeV and E3 strength
from 20 to 30 MeV. A number of theoretical calculations
are also available for T> El, E2, and E3 energy distributions 16).

A 9oZr (n,p) 90Y spectrum at 16” is shown in figure 7.
The smooth tune is the 3-body phase space assumed for
a background. The subtracted data is given in figure 8
with the observed T> El strength from (P-Y) and E2 strength
from (ee’) shown as solid and dotted lines respectively.
The corresponding energies in 90Y were obtained by
subtracting 13.3 MeV from the 90Zr energies. The overall
El energy distribution-is not too different from that
obtained from the photonuclear data14), however some
contribution from higher multiples is evident in the angular
distribution for the proton energy region above 40 MeV.
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This should be expected based on the E2 strength from the
(ee’) data. In addition, the observed cross section of
6.5 mb/sr at 16° is 54% larger than that required to exhaust
the GDR sum rule. The angular distribution for Ep = 40 to
30 Mel;(--12 MeV excitation iS 90Y) ~S Consistent with
an L transfer of greater than one. This region has an
analog in 90Zr at 25.3 MeV where Fukuda and Torizuka
found considerable i~ovector E2 strength. The possibility
for Isovector E3 strength cannot be ruled out based on
energy systematlcs or the angular distributions.

z ~ 209
Bi(n,p)

209pb
.

Three experiments prompted the investigation of the

:~9Bi(n.p) reaction;l) the Indication of T> E2 strength

in 2°9Bi from the 208Pb(p,Y)209Bi work of Snover et al.17)

arid2) the subsequent location of a peak in 209Pb at
- 7.9 MeV close to the excitation energy of the parent
analog to the same resonance via 209Bi (n~y) 209Pb,18)
and 3) the collective E2 strength found in 208Pb (ee’) data
between EX - 18 to 27 MeV 19). The energy spectr~ in
figcre g shews a peak at 7.5 MeV which would have an
analog at 26.3 MeV.

Since most of the neutron orbitals are full for simple
lhu transitions in A=209 only very weak parent analogs
tO the GDR Of 209BI ar~ possible. Few 2iwJ Ml transitions
are available so that little Ml strength is expected. The
excitation energy is consistent with tha~ for parent
analogs to collective isovector E2 excitations at 12LlA(l/3)
= 20 MeV. T%C angular distribution is given in figule 10
with a WBA calculation utilizing a JS form factol exhausting
100 % of the isovector E2 sum rule as calculated by Brown
and Madsen 20). The calculated strength is based on the
known isoscaler E2 strength from 209BI (pp’) isoscaler E2
measurements 21) and assumes I V /Vol-l/2 for Isovector
to Isoscaler potential strengths;

3.0 Conclusions

The 7Li(n,p)7He and 9Be(n,p)9Ll reactions both
show evidencs for population of parent analogs to well
known Ml trarisitionsin the target nuclei. Configuration
splitting of the GDR for A-9 was also found in agreement
with (m~y) data.

For ~27,enhancements over a continuum background are

consistent with parent analog El and E;!states. The results
are much less dramutic than for the T 1-Otargets
and angular distributions are not uni~uely fitted by one
L transfer. The geometric isospin factors favoring AT-1
(n,p) transitions do provide an advantage over inelastic
(pp’),(nn’),or (ee’) scattering and (p,n) reactions for
investigating T> isovector giant multipole states. The
?’Sisotope data provide~jperhaps the best example
to be found of T, GDR population as a function of N-Z with
fixed Z for comparison with theory. The additional complexity
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of possible overlapping isovector multipole states In Zr and
Bi make interpretation of the data more difficult.

Since the strength of T, states is related to isoscaler
‘states “lathe ratio of the isovector to isoscaler interaction
poten?ials~o) and the l~:ation of these states is
proportional to the isospin symmetry potential 4) the
(n,p) reactian forms a unique tool for investigating isospin
dependence in the effective nuclear interaction potential.

The authors would like to acknowledge F.P. Brady,
D.H. Fitzgerald, M.W. McNaughton, G. Neelham, J.L. Romero,
T.S. Sukramanian, J. Wang, and C. Zanelli for their many

-.

contributions in obtaining the data presented here.
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